1.INTRODUCTION
Based on iterative eduction of coherent structures from numerically simulated channel flow, Stretch 1) proposed that counter-rotating inclined streamwise vortices ("SV") tend to be aligned one over, and upstream of, the other, and to tilt slightly in plan view so that the spanwise component of vorticity is parallel to the mean vorticity. The upstream SV crosses over the underlying one at a slight angle, yielding a staggered arrangement of the near-wall sections of the SV, which are arranged on alternate sides of the sinuously deforming slow-speed streaks. To our knowledge, experimental evidence for such an arrangement of SV has not yet been reported. Based on flow visualizations and Particle Image Velocimetry ("PIV") in open channel flow of water, we claim to provide such evidence.
FLOW VISUALIZATION METHOD
The structure of streamwise vortices in an open channel flow of water has been visualized by injecting fluorescene dye from a slit in the channel bottom. The channel is 50 cm long and 8 m long, and the flow depth was set at 10cm. With channel slope fixed at horizontal, the flow rate was varied so as to give Reynolds numbers, based on friction velocity and water depth, of 228, 291, and 327 (the friction velocity was estimated from the flow rate using the Blasius friction law). The dye was injected from a slit 2 mm wide and 15 cm long in the spanwise direction, located 5.5 downstream of the channel entrance. Following Head & Bandyopadhyay 2), the flow was illuminated by a light sheet tilted upstream from the cross-stream plane (though at 60 degrees from horizontal, rather than their 45 degrees; see fig.1 ). The light sheet intersected the bed at a distance of 30cm or 60cm from the dye slit. Recordings by a 8-mm NTSC video camera revealed mushroom-shaped patterns of dye which are reliably inferred to result from counter-rotating pairs of streamwise vortices ( fig.  2 ).
FLOW VISUALIZATION RESULTS
Viewing Head & Bandyopadhyay's movies of smoke injected from the wall of a wind tunnel gave us the impression that the mushroom patterns tend to lie at a distinct angle from the streamwise-vertical plane. Experiments in the open channel reinforced this impression; Figure 2a gives an example of a strongly oblique pattern. Furthermore, one finds that succeeding streamwise vortices ("SV") tend to appear one by one, appearing to pair with one of the (where the uncertainty assigned to the average is the sample's standard deviation a divided by the square root of the sample size N, which was 36 and 33 respectively for the lower and higher ranges.) Slit-injected dye leaves the boundary at flow separatrices, and thus roughly marks the boundaries between neighboring SV near the wall. Observations of video sequences (cf. fig. 2 ) suggest that straight portions of rising dye (e.g. the "stalks" of the mushrooms) similarly mark the boundaries between counter-rotating SV even at higher positions. Dye wound around a SV that is separated from the boundary must first be received from an underlying vortex.
According to Stretch's') proposed structure, successive SV cross at a certain angle when viewed from above. One would expect dye to be passed from the lower to the upper vortex at this crossing point, and the angle of the stalk of newly-appearing mushrooms should reflect the orientation of the boundary between the two synchronised with a 250 microsecond exposure of the camera; pulses from the second laser are triggered later so as to fall in the next camera exposure, which is 33 ms long ("triggered double exposure mode"). In the experiments reported here, the time delay between the two laser pulses was set to 5 ms. Hollow glass spheres with a diameter of about 10 microns and a density very slightly greater than water (Potters Industries, USA) were used as tracer particles. The field of view of the camera was 4.96 cm wide * 4.69 cm high; this is the largest field of view which allows an acceptable resolution of velocity. Therefore, only the lower half of the channel could be observed. Velocity in the light sheet was calculated by maximising the crosscorrelation of 49*49 pixel image templates. Tests with a rotating solid target simulating the particleladen fluid showed that streamwise vorticity could be estimated with acceptable accuracy by first smoothing velocity vectors with the 9 surrounding values. Two types of image series were recorded. First, image pairs were recorded at the maximum possible rate allowed by the camera (30 Hz), resulting in velocity measurements at 15 Hz, for a total of 700 images (350 velocity fields) per run; three such runs were performed. To obtain statistics on the flow field, a single run was performed with image pairs recorded at 1 second intervals, again for a total of 700 images. The decorrelation time of streamwise vorticity was found to be about 3 seconds near the bed, so these samples are only weakly correlated.
TYPICAL VORTICITY FIELDS
As often noted by previous workers, the turbulent boundary layer experiences long periods of relative inactivity, interrupted by much more intense events; one is most interested by these energetic periods. To exemplify structures typically observed during such a "bursting event", fig. 5 shows two velocity fields, separated by equal intervals of 4/15 sec. (At+ = 2) The first sample follows a relative lull in activity of about 6/15 seconds duration. There is a strong vortex near the boundary on the right side, which appeared in this plane about 10/15 sec before the first image, and which persists with roughly its present strength until 6/5 sec after the third sample, for a total active "lifetime", as viewed in this crossstream plane, of 2 sec.
In the first sample of the three, one observes a long "jet" which flows upward from the lower left of the field to upper right at an angle of about 45 degrees, snaking between vorticity concentrations of opposite sign. Such a structure is reminiscent of the "wall jets" reported by Townsend 5) ; however, while his proposed structure was a continuous, vertical upwelling, we would emphasize the serpentine nature of the "jet", and furthermore a marked tendency for the overall orientation of the jet to appear at strongly oblique angles with the vertical. At the same time, the weaker vorticity sheets lying away from the elliptic vortex at the wall seems to be organized very clearly into an oblique lattice pattern whose "ribs" lie, again, at about +/-45 degrees from the vertical, as indicated by dashed lines drawn over figure 5(b) .
Observations of instantaneous vorticity fields frequently reveal such an oblique pattern, although the ribs of the lattice are often skewed to left or right, so as to be asymmetric about the y-axis. In general, we find the angle between the ribs of such lattice patterns and the y-axis increases as one approaches the wall. It should be said, however, that such lattice patterns seem to occur as arrangements of somewhat weak vorticity patches.
When stronger structures appear, their orientations and relative positioning seem to be much more varied. This tendency concurs with observations of 2D numerical turbulence reported by Farge 6) , who suggests that weaker vorticity behaves nearly passively, being convected as a scalar by the strongest vortices. It may be that the weaker vorticity is stretched out into thin sheets oriented close to the streamlines induced by the strong structures.
In the second sample of this sequence, a strong negative vortex sheet has appeared above the wall vortex in the lower right. Again, it is oriented at very close to 45 degrees from the vertical. The narrow oblique jet of the first frame has broadened into a large-scale upwelling; examination of intervening velocity fields show that the small-scale upwelling evident in the upper left of the first sample has moved upwards and to the right, 
